Objective. Inhibitors of the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase enzyme (statins) are cholesterol-lowering drugs that have shown promise as therapeutic agents in various animal models of autoimmune disease. The results of initial clinical trials with statins in multiple sclerosis and rheumatoid arthritis have also been encouraging. In this study, we attempted to treat a widely studied murine model of spontaneous systemic lupus erythematosus (SLE) with atorvastatin.
Systemic lupus erythematosus (SLE) is a chronic autoimmune disease that affects more than 1 million people in the US. The clinically heterogeneous nature of SLE renders therapeutic intervention particularly challenging. Conventional approaches include the use of corticosteroids, cytotoxic agents such as cyclophosphamide and azathioprine, and, more recently, investigational agents such as mycophenolate mofetil and rituximab. These agents have been used with varying success and are associated with a considerable number of side effects (1) (2) (3) .
In addition to the myriad of clinical and laboratory manifestations that comprise the diagnostic criteria for SLE and related connective tissue diseases, it has become increasingly clear that patients with SLE have increased morbidity and mortality resulting from accelerated atherosclerosis (4) . This realization has led to efforts by clinicians to reduce corticosteroid use, as well as to recommend patient lifestyle modifications.
Statins, or 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors, are cholesterol-lowering drugs that have displayed immunomodulatory effects in numerous models of inflammatory and autoimmune disease, including multiple sclerosis (MS) and rheumatoid arthritis. Although side effects have been reported, statins are generally well tolerated in humans, making these agents ideal for potential use as therapeutic agents in immune-mediated diseases. In this study, our goal was to determine whether monotherapy with atorvastatin could suppress clinical disease in the (NZB ϫ NZW)F 1 (NZB/NZW) mouse model of spontaneous SLE.
MATERIALS AND METHODS
Mice. Female NZB/NZW mice were purchased from The Jackson Laboratory (Bar Harbor, ME) and maintained under standard conditions in the Research Animal Facility at Stanford University. Experiments were conducted in accordance with approved Institutional Animal Care and Use Committee and National Institutes of Health (NIH) guidelines.
Reagents. Atorvastatin (prescription formulation; Pfizer, New York, NY) was brought into suspension in phosphate buffered saline (PBS) at 0.4 mg/ml, and a 0.5-ml volume (equivalent to 10 mg/kg) was administered via oral gavage, once daily, using 20-mm feeding needles (Popper & Sons, New Hyde Park, NY). PBS was administered as a vehicle control. Treatment of the mice (n ϭ 15) began at 20 weeks of age, and the surviving mice were killed at 40 weeks of age.
Renal histopathologic analysis. Proteinuria was assessed once weekly using Albustix reagent strips for urinalysis (Bayer, Elkhart, IN). At the end of the experiment, kidneys were harvested from surviving mice and fixed in 10% buffered formalin. Periodic acid-Schiff (PAS) staining was performed on paraffin-embedded sections, and kidney damage was scored according to standard NIH activity and chronicity indices (5) in a blinded manner by one of the authors (JPH).
T cell proliferation assays. Splenocytes were negatively selected for T cells via an enrichment column (R&D Systems, Minneapolis, MN). T cells (Ͼ95% purity, as determined by flow cytometric analysis [data not shown]) were cultured for 48 hours at 10 5 cells per well in 96-well Nunc plates (Nalgene, Rochester, NY) coated with anti-CD3 monoclonal antibody (2C11; BD PharMingen, San Diego, CA) and anti-CD28 monoclonal antibody (37.51; BD PharMingen), each at a concentration of 5 g/ml. Culture medium consisted of RPMI 1640 (Gibco, Carlsbad, CA) supplemented with L-glutamine (2 mM), sodium pyruvate (1 mM), nonessential amino acids (0.1 mM), penicillin (100 units/ml), streptomycin (0.1 mg/ml), 2-mercaptoethanol (5 ϫ 10 Ϫ5 M), and 10% fetal calf serum. Wells were pulsed with 1 Ci 3 H-thymidine (MP Biomedicals, Solon, OH) for the final 16 hours of culture, and incorporated radioactivity was measured using a Betaplate scintillation counter (Wallac, Gaithersburg, MD).
Enzyme-linked immunosorbent assay (ELISA). Cytokine levels in mouse serum (diluted 1:10) were determined by ELISA kits (BD PharMingen). Cytokine levels in T cell culture supernatants were determined after anti-CD3/CD28 stimulation for 48 hours or 72 hours. Anti-double-stranded DNA (anti-dsDNA) antibody levels were determined using an ELISA kit (Alpha Diagnostic, San Antonio, TX). Mouse sera were diluted at 1:100, followed by the addition of horseradish peroxidase-conjugated goat anti-mouse antibodies specific for IgG (Southern Biotechnology, Birmingham, AL) at a dilution of 1:5,000.
Serum cholesterol assays. Free cholesterol and cholesterol ester levels in serum were determined using the Amplex Red Cholesterol Assay Kit (Invitrogen, Carlsbad, CA).
Statistical analysis. Statistical analysis was performed using GraphPad Prism software (San Diego, CA). One-way analysis of variance (ANOVA) was used for comparison of proteinuria data, and Kaplan-Meier survival curve data were analyzed using the log-rank test. All other comparisons were performed using Student's unpaired t-test.
RESULTS
Proteinuria. NZB/NZW mice spontaneously develop a syndrome that closely resembles human SLE, marked by the production of antinuclear antibodies and renal damage. In order to examine the therapeutic efficacy of an HMG-CoA reductase inhibitor in murine lupus, we administered atorvastatin to lupus-prone mice via oral gavage, on a daily basis. Efficacy in suppressing clinical experimental autoimmune encephalomyelitis (EAE), an animal model of human MS (6) , has been demonstrated with daily oral doses of 1 mg/kg and 10 mg/kg. For studies in the NZB/NZW mouse model of SLE, we chose a daily oral dose of 10 mg/kg, a dose that is significantly higher than the recommended maximum equivalent dose (80 mg) for humans with hypercholesterolemia (7). Treatment of the mice (n ϭ 15) was initiated at 20 weeks of age, and the mice were regularly monitored for proteinuria, an indicator of kidney damage. As shown in Figure 1A , daily atorvastatin treatment for 20 weeks had no significant impact on either the age at onset or the frequency of proteinuria in NZB/NZW mice. We also did not observe any adverse physical signs in atorvastatin-treated mice.
Survival. We also monitored SLE mice for survival. As shown in Figure 1B , we observed slightly increased mortality in atorvastatin-treated NZB/NZW mice, with 53.3% survival at 40 weeks, compared with Ͼ70% survival in untreated NZB/NZW mice and 80% survival in vehicle-treated control mice. However, these differences were not statistically significant.
Renal pathology. PAS-stained kidney tissue specimens from surviving SLE mice were evaluated for pathologic changes, by a single observer (JPH) who had no knowledge of the treatment a given mouse had received. There appeared to be a slight trend toward reduced renal disease in atorvastatin-treated NZB/NZW mice (compared with untreated controls). More than 40% of atorvastatin-treated NZB/NZW mice analyzed displayed no glomerular involvement, whereas all untreated controls displayed at least some degree of renal pathology ( Figure 1C ). However, these results were not statistically significant (as determined by ANOVA). Furthermore, any apparent ameliorating effects of atorvastatin treatment on kidney disease should be weighed against the increased mortality observed in atorvastatintreated NZB/NZW mice. NZB/NZW mice were also evaluated using parameters of renal disease that are representative of the most significant pathologic abnormalities in NZB/NZW mice with advanced lupus nephritis. These indices included grading of glomerulosclerosis, tubular dilatation, tubular atrophy, interstitial fibrosis, and perivascular infiltration, none of which were significantly impacted by atorvastatin treatment (data not shown).
Anti-dsDNA antibody levels. We performed ELISAs to determine whether oral atorvastatin had any effect on serum levels of anti-dsDNA antibodies in murine lupus. As shown in Figure 2A , anti-dsDNA antibody levels in sera derived from 40-week-old atorvastatin-treated NZB/NZW mice did not differ significantly from those in sera from untreated or vehicletreated controls. These results demonstrate that oral atorvastatin does not inhibit anti-dsDNA antibody production in murine SLE.
Serum cytokine levels determined by ELISA. Treatment with oral atorvastatin is associated with induction of Th2 responses in the EAE model of MS (6) . To address whether atorvastatin could cause immune deviation in murine lupus, we measured cytokine levels in sera derived from NZB/NZW mice at 40 weeks of age. Serum levels of interferon-␥ (IFN␥) were below the limit of detection for most NZB/NZW samples ( Figure 2B) , and serum levels of tumor necrosis factor (TNF) were not significantly affected by atorvastatin treatment (data not shown). However, oral atorvastatin induced a signif- icant increase in serum levels of interleukin-4 (IL-4) ( Figure 2C ). These results suggest that oral atorvastatin promotes induction of Th2 responses in vivo in NZB/ NZW mice. However, it is important to note that these results are confined to surviving mice; it is possible that atorvastatin induced a different cytokine profile in mice that died before the end of the experiment.
Serum cholesterol levels. As inhibitors of HMGCoA reductase, statins have been shown to modulate serum cholesterol levels in numerous human and animal models. To determine whether oral atorvastatin treatment modulated serum lipid levels in SLE mice, sera from NZB/NZW mice were assayed for levels of cholesterol at 40 weeks of age. Notably, compared with the effect of atorvastatin in the untreated and vehicletreated mice, atorvastatin treatment had no measurable impact on serum cholesterol levels in NZB/NZW mice ( Figure 2D ). These results are consistent with previous observations that statins are capable of influencing immune responses in the absence of cholesterollowering activity (8) .
Finding of in vitro T cell assays. Oral atorvastatin treatment had been reported to suppress lymphocyte antigen-specific proliferative and cytokine recall responses in EAE (6) . One complicating feature of the NZB/NZW model is that numerous T cell epitopes have been implicated in the initiation and progression of disease. Thus, we analyzed murine SLE T cell responses to mitogenic stimulation. Upon termination of the experiment, we harvested splenocytes from surviving NZB/ NZW mice. We enriched for T cells via negative selection, followed by incubation in the presence of plate- bound anti-CD3 and anti-CD28 antibodies. As shown in Figure 3 , anti-CD3/CD28-stimulated T cells from atorvastatin-treated NZB/NZW mice proliferated more than those from their untreated counterparts. We also assayed supernatants from cultures of anti-CD3/CD28-stimulated T cells for cytokine levels. Consistent with observations made in the EAE model, T cells from atorvastatin-treated NZB/NZW mice produced higher levels of IL-4 and IL-10 compared with untreated mice, suggesting induction of Th2 and/or regulatory responses. Culture supernatants from atorvastatin-treated animals also contained elevated levels of IL-6 and TNF, both of which are commonly associated with proinflammatory responses. Interestingly, atorvastatin treatment did not impact in vitro production of IFN␥ by T cells in NZB/ NZW mice. Taken together, the data demonstrate that oral administration of atorvastatin influences in vitro T cell responses in the NZB/NZW mouse model of spontaneous SLE.
DISCUSSION
Statins have gained considerable attention as potential therapeutic agents in numerous diseases that are considered to be mediated by the immune system. In this study, we sought to determine whether atorvastatin had any beneficial effects on lupus nephritis in the NZB/NZW mouse model of SLE. In NZB/NZW mice, we observed that daily oral administration of high doses of atorvastatin had no significant impact on 4 major parameters of SLE disease: proteinuria, survival, antidsDNA antibodies, and renal disease. In contrast to our findings, Lawman et al (9) noted that atorvastatin inhibited development of disease in NZB/NZW mice when it was administered via intraperitoneal injection at a dose of 30 mg/kg. For our SLE studies, we administered atorvastatin orally rather than intraperitoneally. It has been reported that oral atorvastatin effectively suppresses clinical EAE at doses as low as 0.1 mg/kg, with more dramatic suppression occurring at a dose of 10 mg/kg (6) . Thus, although the biologic effects of statins appear to be dose dependent in the EAE model, we used a dose (10 mg/kg) that is considerably higher than the recommended maximum equivalent dose for humans with hypercholesterolemia (7). Despite this high dose, we observed no significant impact on disease outcome in NZB/NZW mice. Furthermore, serum cholesterol levels were unaltered by oral atorvastatin treatment. Conversely, Lawman and colleagues demonstrated that intraperitoneal administration of atorvastatin reduced serum cholesterol levels in NZB/NZW mice. The route of atorvastatin administration may influence its absorption and distribution. Although detailed pharmacokinetics analysis of intraperitoneal versus oral atorvastatin administration may elucidate potential reasons for these disparate results, daily oral administration, as used in our study, more closely models how atorvastatin is administered in humans.
Although we observed no impact of atorvastatin treatment on clinical disease, we performed several assays in an effort to determine whether atorvastatin possessed immunomodulatory activity in murine SLE. Notably, sera derived from atorvastatin-treated NZB/ NZW mice contained elevated levels of IL-4, consistent with systemic induction of Th2 responses. We also analyzed T cell proliferation and cytokine production in vitro. Compared with the levels in untreated controls, levels of IL-4, IL-6, IL-10, and TNF were higher in culture supernatants derived from atorvastatin-treated NZB/NZW T cells stimulated with anti-CD3/CD28 antibodies. Taken together, these results suggest that even though atorvastatin was biologically active in vivo in this murine model of SLE, atorvastatin still failed to treat the disease.
Several clinical trials are under way that are investigating the efficacy of statins in treating autoimmune diseases. Vollmer and colleagues (10) have reported on the efficacy of oral simvastatin in the treatment of 30 patients in whom relapsing-remitting MS was diagnosed, and a larger phase II study of atorvastatin therapy in patients with clinically isolated syndrome and high risk of conversion to MS is currently ongoing. Statin therapy has also shown beneficial effects in patients with inflammatory rheumatic diseases. A 1-year trial of atorvastatin demonstrated reductions in proteinuria, cholesterol levels, and the rate of progression of chronic kidney disease in SLE patients with idiopathic chronic glomerulonephritis and proteinuria, abnormal creatinine clearance, and marked hypercholesterolemia (11) . No randomized studies have yet been reported in patients with SLE, although a very small trial of simvastatin demonstrated rapid reduction of proteinuria levels in 3 patients with SLE (12) .
It is important to note that treatment with statins has not produced universally positive results. Atorvastatin, administered orally or intraperitoneally, had no efficacy in 2 distinct mouse models of diabetes (13) . Simvistatin administered intraperitoneally had no effects on lymphadenopathy, renal disease, or proinflammatory cytokine production in the gld mouse model of autoimmunity (14) . We also observed that atorvastatin treatment had no significant impact on proteinuria or survival in the pristane-induced BALB/c mouse model of SLE and in the MRL/lpr mouse model of spontaneous SLE (data not shown). It is noteworthy that reported failures to modulate autoimmune disease with statins in animal models have generally occurred in settings in which disease is spontaneous, such as diabetes and SLE. Success in animal models treated with statins occurs in diseases that are actively induced with Freund's complete adjuvant (CFA), such as EAE and collageninduced arthritis. The question of whether the capacity of CFA to activate innate immunity is countered by a suppressive effect of statins on the innate immune response remains unanswered. The relative effect of pristane on the innate and adaptive immune response is also not completely understood.
Although statin therapy is associated with relatively few side effects in humans, dose-related complications can arise. These can include SLE-like syndromes, vasculitis, hepatitis, rhabdomyolysis, and myositis. We observed slightly increased mortality in atorvastatintreated NZB/NZW mice, although this finding was not statistically significant. Nevertheless, it is possible that dose-related toxicity can occur in rodent models. A recent study showed that increased myoglobinuria developed in rats treated with atorvastatin at a dose of 10 mg/kg once daily for 2 months (15). However, it has not been established whether atorvastatin has any deleterious effects on renal function in NZB/NZW mice.
In summary, our results demonstrate that oral atorvastatin does not ameliorate murine SLE. Our data and the published literature to date suggest that the use of atorvastatin or other statins as a therapy for autoimmunity or accelerated atherosclerosis in human SLE should be approached with caution until the results of large, prospective, randomized trials in humans with SLE are reported.
